Properties of graphene can be tuned electrically and chemically, providing a promising system for application in terahertz (THz) devices. Graphene response can be enhanced even further by means of coupling electromagnetic waves into plasmon modes, frequency of which is controlled by geometrical parameters. To probe excitation of confined plasmon modes and surface wave excitation, epitaxial graphene and its structures are investigated using THz near-field microscopy. Detected near-field images suggest excitation of THz surface waves occurring at graphene edges, similar to that observed at metallic edges, and excitation of confined plasmon modes. We will also discuss the impact of graphene inhomogeneity on local THz transmission properties on the sub-wavelength scale.
INTRODUCTION
At THz frequencies, graphene properties, particularly surface plasmon properties, depend very sensitively on the Fermi level. This effect makes graphene a useful platform for future THz devices. Direct experimental detection of THz surface plasmon waves in graphene requires near-field microscopy methods. In this contribution, we will discuss investigations of epitaxial graphene mesas and ribbon arrays using THz near-field microscopy in transmission using a subwavelength aperture probe. The effect of surface wave excitation at the edges of graphene structures and the effect of confined plasmon mode excitation in graphene arrays will be considered.
A graphene ribbon array illuminated by a plane THz wave in general produces three different contribution to the THz field in the near-field zone of the array: the confined plasmon mode (in ribbons); the surface plasmon wave that can be excited at the pattern edges and the incident THz wave that can pass through graphene (Fig. 1 ). All three contributions in principle can be detected by near-field microscopy methods. Near-field characterization can complement the far-field THz spectroscopy and imaging studies that recently have been applied to investigate graphene [1] [2] [3] . Those studies showed the possibility of non-contact characterization of the THz conductivity and obtaining direct information about the doping level and sample quality. The far-field techniques however are limited in spatial resolution by diffraction and they can only detect the transmitted wave contribution due to the local nature of THz surface plasmon waves in graphene. Near-field microscopy probes on the other hand can enable direct investigations of graphene plasmons.
We employ the integrated sub-wavelength aperture THz near-field probe 4 for our investigations of graphene samples. Our experimental results demonstrate that graphene ribbon arrays can modify local transmission properties in the nearfield zone substantially, depending on the orientation of the ribbon with respect to the polarization of the THz wave and on the doping level. We also observe that continuous graphene mesas exhibit variation of THz transmission properties on the sub-wavelength scale. A complete description of these studies can be found in Ref. 4 .
The observed properties of graphene suggest promising applications for sensing and for THz devices, whereas the technique of THz near-field microscopy opens the possibility of non-invasive probing of local THz properties of graphene and surface plasmon effects with sub-wavelength spatial resolution.
EXPERIMENTAL DETAILS
Multilayer epitaxial graphene samples (3.4nm and 7.1nm thick) grown on the C-face of SiC are patterned into mesa and ribbon array structures via electron-beam lithography, followed by oxygen plasma etching and vacuum annealing 5 . The samples are illuminated by a beam of broadband (0.5-2.5THz) THz pulses generated through optical rectification in a ZnTe crystal and delivered via a hollow cylindrical THz waveguide, as shown in Fig. 2 . Details of the experimental system are discussed in Ref. 4 .
The waveguide provides a THz beam with a narrow angular spectrum distribution of the wavevector. 6 The waveguide also preserves the position of the incident THz field with respect to the imaged sample. In this experimental arrangement, the near-field images can be interpreted as the electric field distribution formed near the graphene structures illuminated by a ~0.5mm diameter THz beam ( Fig. 3(a) ) through the SiC substrate. The beam remains fixed with respect to the sample. Figure 2 . Schematic diagram of the near-field THz microscopy system: graphene samples are attached to the output of a cylindrical waveguides; THz pulses (1-2THz) illuminate the graphene sample through the SiC substrate; the electric field in the near-field zone of the sample is detected by a photoconductive THz near-field probe with a 10m aperture.
THz transmission properties of the graphene ribbon arrays are illustrated in Figure 3 (b), which shows a THz image of four identical square-shaped arrays (400m × 400m). Each array consists of 7.1nm thick and 200nm wide ribbons separated by 200nm. The ribbons are oriented parallel to the incident THz pulse polarization. Fig. 3(b) shows the nearfield THz image of the sample. The signal corresponds to the electric field amplitude at the peak of the THz pulse.
Quantitative analysis of the transmission image Fig. 3 (b) reveals that the amplitude of the transmitted electric field is decreased by ~20% in the areas covered by graphene, making the ribbon squares darker in the near-field image. The Fourier transform of the transmitted and incident pulses shows that the transmission coefficient is frequency independent throughout the spectral range of our measurement (0.5-2.5THz). 4 This result is consistent with our recent work on the same sample, where the plasmon mode of the top graphene layers was found to be at 4.6THz. 5 The plasmon mode is expected to be at an even higher frequency for the first few layers at the SiC-graphene interface due to the higher carrier concentration. The high plasmon frequency for this sample and the sample orientation with respect to the incident THz beam polarization therefore suggest that the confined plasmon modes in graphene ribbons are not responsible for the observed transmission properties. The local transmission in Figure 3 (b) varies slightly (±5%) across the graphene areas and the variation appears to be more pronounced near the square edges/corners. The observed THz transmission variation is partially due to the nonuniform thickness of multilayer epitaxial graphene and it will be discussed later.
SURFACE WAVES ON GRAPHENE
The THz near-field image in Figure 3(b) shows mainly the transmitted THz wave contribution. To probe the surface wave excitation we use different graphene samples: continuous graphene mesas, in which surface waves can be excited at the edges, and ribbon arrays with longer periods oriented perpendicular to the polarization of the incident THz field. To differentiate the transmitted wave contribution from surface plasmons, space-time maps are taken along the horizontal and vertical directions across graphene structures. The observed space-time maps are also compared to maps measured on similar structures made of 300nm Au deposited on SiC.
In the case of Au, for which excitation and propagation of THz surface waves have been investigated previously, 7 there are distinctive signatures of THz surface waves in the space-time maps. Wave fronts in the Au region are tilted for scans parallel to the direction of the surface wave propagation. The tilt shows the movement of the surface wave and allows us to determine the surface wave velocity. For scans in the direction perpendicular to the direction of the surface wave propagation, the space-time maps show a phase shift in the regions of metallic edges. 7 These signatures in the space-time maps in principle can also be used to identify surface plasmon waves in graphene.
However, unlike the thick metallic films, graphene layers are not fully opaque, but exhibit only partial absorption of the THz waves. Therefore in order to observe surface waves on graphene mesa, the THz transmitted wave must be excluded. As it can be seen in Fig. 3 , the transmitted wave is expected to make the largest contribution to the detected near-field signal, making detection of the surface wave on graphene a challenging experimental problem.
To separate the two contributions we subtract the transmitted field (Etr) from the detected field (Edet). As the transmission coefficient exhibits no significant frequency dependence, Etr(t) is assumed to be a replica of the incident field Einc(t), M scaled by a constant a, Etr(t) = a  Einc(t), where a  0.8 (for the graphene mesa sample) and Einc(t) is an average THz pulse waveform measured over an area of the sample where no graphene is present. Figure 4 shows the effect of surface wave excitation at graphene mesa edges. In this experiment, the near-field probe measures time domain waveforms along a 400m scan across the mesa (shown by a dashed line in Fig. 4) . A space-time map of the detected field Edet(x, t) is recorded and then the transmitted wave contribution is subtracted. According to the principle of superposition, the difference E(x, t) = Edet(x, t) -a  Einc(t) shows the incident wave in the regions outside the mesa and only the surface wave in the mesa region (-100m < x < 100m). The surface wave signature, similar to that recorded on 200nm thick Au square, 4 is clearly seen in Fig. 4 .
The similarity of the space-time maps for the metallic square and the graphene mesa indicates that the surface wave excitation at the mesa edges is the most probable mechanism. The surface waves propagate along the graphene surface from the mesa edges toward its center and reach the mesa center with a temporal delay. We note that the incident field is determined by the waveguide geometry and it has no k-vector components that can couple to surface plasmons directly. Therefore the only possible mechanism is the surface wave excitation at a surface discontinuity, which is the mesa edge in our sample. 
PLASMON MODE IN GRAPHENE RIBBON ARRAYS
We will also discuss near-field imaging of ribbon arrays for which the plasmon mode frequency of the top graphene layers is expected to be within the frequency range of our system, pl ~ 2THz. The ribbons in these experiments are 1m
in width and 200m in length, and the spacing between the adjacent ribbons is 1.2m.
Two principal polarizations of the incident THz pulse, with electric field parallel or perpendicular to the ribbon direction, are examined. In the first case, the ribbon periodicity is expected to exhibit no significant effect on the transmission properties, whereas it directly affects frequency of the confined plasmon mode in the latter case. We observed that THz transmission of the ribbon array varies noticeably for the two orthogonal polarizations. This behavior is markedly different from that of 200nm wide ribbon arrays with 200nm spacing (Fig. 3) for which we find no significant difference in transmission for both polarizations in the spectral range from 0.5-2.5THz.
For the ribbons parallel to the field, we observe reduction of the detected field due to the presence of graphene ribbons. This reduction is ~27+/-5% compared to the SiC/air interface and it is slightly stronger than the reduction observed for the graphene mesa (~20+/-5%). The difference is likely to be caused by additional absorption or scattering on the ribbon edges. When the ribbons are oriented perpendicular to the field, however, the transmitted field is found to be stronger compared to the field detected over the blank SiC substrate. We determine that the amplitude transmission for the ribbon array in this case is increased up to 50% compared to that of the SiC/air interface.
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The reduced/enhanced transmission shows the effect of the ribbons on properties of the SiC/graphene/air interface. The Fresnel reflection coefficient at the SiC/air interface is relatively high due to the large refractive index of SiC (n≈3.0). ~25% of the incident wave (intensity) is reflected at the SiC/air interface. The ribbons oriented perpendicular to the polarization appear to provide better impedance matching for the interface and lead to a higher transmission coefficient. For this orientation, the confined plasmon mode is expected to form in the ribbons array. The plasmon mode may result in the observed effect of enhanced transmission. Initial investigations of this effect are described in Ref. 4 and further investigations will be performed.
GRAPHENE TRANSMISSION PROPERTIES ON THE SUB-WAVELENGTH SCALE
In graphene samples on C-face SiC we observed that local transmission varies slightly (±5%) across the graphene areas.
Compared to the average transmission of these graphene sample, the variation is quite significant. The effect is larger than the noise level and the recorded two-dimensional maps are repeatable. 4 THz transmission of graphene depends sensitively on the doping level and the carrier mobility. Therefore the observed variation is likely to be related to the quality of graphene or/and the effect of the substrate. 
CONCLUSIONS
In summary, in this presentation we discuss THz near-field microscopy epitaxial graphene mesas and ribbon arrays in the spectral range of 0.5-2.5THz. The near-field image analysis indicates that surface waves are excited at the edges of graphene structures. We also find that the THz transmission through graphene ribbon arrays on SiC can be either reduced or enhanced, depending on the orientation of the ribbons with respect to the polarization of the THz wave. The enhanced transmission is observed in the near field zone for ribbons with the expected plasmon mode frequency of 2THz. These intriguing properties of graphene hold promise for new applications in THz spectroscopy, sensing, imaging, and communications.
The application of the THz near-field microscopy technique also opens the possibility of non-invasive probing of local THz properties of graphene with sub-wavelength spatial resolution (~10 m in this work) and for investigations of surface plasmon waves in graphene structures. 
